Mechanics and Deformation of Polymer Kirigami Structures by Bashandeh Khodaeinaeini, Kian
MECHANICS AND DEFORMATION OF POLYMER KIRIGAMI STRUCTURES 
A Thesis 
by 
KIAN BASHANDEH KHODAEI NAEINI 
Submitted to the Office of Graduate and Professional Studies of 
Texas A&M University 
in partial fulfillment of the requirements for the degree of 
MASTER OF SCIENCE 
Chair of Committee,  
Committee Members, 
Head of Department, 
Andreas A. Polycarpou 
M. Cynthia Hipwell 
Matt Pharr 
Mohammad Naraghi
Andreas A. Polycarpou 
December 2020 
Major Subject: Mechanical Engineering 
Copyright 2020 Kian Bashandeh
ii 
ABSTRACT 
Recent advances in the assembly of three-dimensional (3D) structures driven by 
compressive buckling of 2D precursors have provided an opportunity to exploit the 
capability in a broad range of engineering applications with complex geometries and a 
span of length scales from sub-micron to macro scales. These applications include but not 
limited to microelectromechanical systems, energy storage, and wearable electronic 
devices. The present work is dedicated to study the fabrication of flexible 3D kirigami-
inspired polymer-based structures using mechanically-guided 3D micro-assembly. The 
mechanical response of assembled 3D buckled kirigami structures were investigated 
through mechanical cyclic and single loading compression at room and elevated 
temperatures.  
Although a variety of 3D structures with different geometrical and material 
arrangements were fabricated already, their mechanical response to applied load is still 
unknown. In this thesis, the mechanics of these kirigami structures were studied using 
experimental in-situ scanning electron microscopy (SEM) flat punch compression. 
Computational modeling was conducted to support the experimental findings and to 
investigate and understand the deformation and fracture of the structures. 
Our findings revealed that the load-bearing capacity, resilience, and stability under 
deformation were largely affected by structures’ geometry. Furthermore, the structures 
with defects were also found to achieve stable hysteretic cycling with steady-state 
mechanical response after a number of cycles.  
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The information presented in this thesis is of great interest in understanding the 
mechanics of 3D polymer-based structures. The work is expected to contribute to the 
current and future research on the development of flexible and stretchable biomedical 
devices as in tissue repair and vascular stents, as well as adaptive and deployable structures 
in aerospace engineering and wearable electronics. 
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1. INTRODUCTION AND LITERATURE REVIEW
1.1 Introduction 
Biological structures are intrinsically based on hierarchical and three-dimensional 
(3D) designs with span of length scales from nano to macro scale [1]. Exploiting and 
mimicking the advantages with such 3D structures in biomaterials pave a design route for 
fabrication of humanmade devices with advanced capabilities and similar functionalities 
to biomaterials [2]. Hence, there is a growing interest in realizing these 3D structures with 
various shapes and scales in different applications such as electronics [3,4], biomedicine 
[5,6], mechanical and metamaterials [7,8], energy harvesters [9,10], 
microelectromechanical systems (MEMS) [11,12], and many other technologies.  
Existing fabrication methods such as 3D printing, two-photon/multiphoton 
lithography, templated growth, and self-assembly have been employed to form the 3D 
structures, but each approach has certain limitations, which restricts the efficiency of 
production and device performance. These approaches can be utilized for a limited number 
of materials and are incompatible with lithographic techniques [1]. Therefore, alternative 
techniques based on strain-induced bending/folding have been suggested to overcome the 
drawbacks and limitations mentioned earlier [13,14]. Inspired by the ancient Japanese art 
of Kirigami (the art of cutting and folding), recent research reports on an established new 
method for fabrication of 3D structures based on compressive buckling of 2D precursors, 




1.2 Assembly of 3D Structures Using Controlled Mechanical Buckling 
The assembly of 3D structures by means of controlled mechanical buckling relies 
on transformation of 2D precursors to 3D shape by means of compressive forces induced 
by the release of prestrained substrate. This strain relief concept is inspired by the Japanese 
art of Kirigami, and therefore in this thesis, the structures are named “3D Kirigami 
structures”.  
Figure 1(a) depicts the schematic illustration of 2D to 3D transformation upon 
release of the prestrain in the elastomer substrate. Spin coating followed by 
photolithography and reactive ion etching forms the 2D precursors’ layout. Transfer 
printing the 2D layout to a prestrained elastomer substrate with predefined bonding sites 
leads to strong covalent bonding at these sites. Release of the prestrain (𝜀𝑥 = 𝜀𝑦 = 0) 
induces compressive forces, which creates out-of-plane deformation in the non-bonded 
regions of the precursors, thereby forming the desired 3D shapes. Unlike the other 
manufacturing techniques, this fabrication method is fast and capable of yielding a wide 
range of geometries, layouts, and combination of materials (e.g., polymers, metals, 
inorganic semiconductors, etc.) over a wide range of length scales (nanometers to meters), 
which implies the scalability of the method [1]. In addition, the functional materials such 
as piezoelectric membranes, shape memory polymers, or doped single-crystalline silicon 
can be integrated into the structures for the intended applications [15]. 
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Figure 1. (a) Conceptual illustration of fabrication of 3D Kirigami structures, (b) an 
example illustration of in-situ flat punch compression inside SEM. 
1.3 Mechanical Performance of Kirigami Structures 
Integrating the 3D structures in applications such as flexible and stretchable 
electronics or 3D MEMS sensors requires a high level of durability and maintaining of 
performance against repeated deformations, which is imposed during operation by 
external stimuli. Therefore, the mechanical response of the fabricated 3D structures to the 
applied load needs to be investigated before exploiting them to the real application. Novel 
experimental techniques such as in-situ SEM flat punch compression can be used as a 
strong experimental tool for mechanical characterization of the structures. The advantage 
of performing the experiments inside the SEM is the ability to observe the deformation 
under the applied load and possible fracture event. In addition, one could also 
simultaneously measure the mechanical response (e.g., load-displacement) and observe 
the deformation. Thus, in this thesis, where applicable, the experiments were performed 
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inside SEM to investigate the deformation behavior of different fabricated 3D Kirigami 
structures. Figure 1(b) shows an example to illustrate the in-situ SEM experimental 
method. Before the experiment, the flat punch is brought to the proximity of the top 
membrane, and then the experiment begins by compressing the structures to different 
percentage of the height. For example, 50% compression denotes compressing to 50% of 
the structure’s height.  
1.4 Objectives and Outlines 
A large number of studies have been performed to realize different classes of 
Kirigami-inspired 3D structures with different 3D layouts, materials, and sizes [1,16,17]. 
Nonetheless, little is known about the mechanics of these structures, and only a few studies 
have investigated the deformation behavior [15,18,19]. Therefore, this work is dedicated 
to studying the mechanics of various 3D Kirigami structures made of different materials 
such as SU8 epoxy, shape memory polymers, and polyimides, each intended for different 
applications. Figure 2 illustrates an overview of the research ideas and the objectives that 
will be met throughout the thesis. 3D Kirigami structures were fabricated using 
compressive buckling method. The structures were made of different materials, namely 
SU8 epoxy, E44 shape memory epoxy, and polyimide (PI). The PI structures were 
encapsulated with different polymers to fabricate a more realistic type structure utilized in 
the applications. The mechanical response of assembled structures was studied through 
mechanical cyclic and single loading compression at room and elevated temperatures. 
Computational modeling was implemented for supporting the experimental findings and 
better understanding of deformation and fracture of the structures. 
5 
Figure 2. Overview of research proposal. 
Chapter 2 discusses the fabrication of 3D SU8 Kirigami structures and investigates 
the role of different structural defects on mechanical cyclic behavior. Properties such as 
resilience, hysteresis loss, stability, and load-bearing capability were analyzed and 
compared with the structure without defect. The experiments were performed inside SEM 
using flat punch compression. The structures were compressed to 50 and 100% of the 
initial height. Chapter 3 presents the fabrication and deformation of 3D Kirigami-inspired 
structures made of shape memory polymer (SMP). Although a variety of 3D SMP 
structures with different geometrical and materials arrangements were fabricated already 
their mechanical response to applied load is still unknown. Therefore, in this Chapter, the 
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mechanics of these Kirigami structures were studied at room and elevated temperatures. 
In Chapter 4, the PI was used as the material for fabrication of the structures. In addition, 
piezoelectric monocrystalline Si-NM elements were integrated into the precursors, and 
thereafter the entire structures were encapsulated with a thin coating of different polymers. 
The information presented in this thesis should be of great interest in understanding 
the mechanics of 3D polymer-based Kirigami-inspired structures. The work is expected 
to contribute to the current and future research on the development of flexible and 
stretchable electronics, biomedical devices as in tissue repair and vascular stents, as well 
as adaptive and deployable structures in aerospace engineering. 
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2. THE EFFECT OF DEFECTS ON THE CYCLIC BEHAVIOR OF POLYMERIC 3D
KIRIGAMI STRUCTURES1 
Recent advances in the assembly of three-dimensional (3D) structures driven by 
compressive buckling have provided an opportunity to exploit the capability in a broad 
range of engineering applications. These include microelectromechanical systems, energy 
storage, and wearable electronic devices. The occurrence of defects during fabrication and 
assembly, or during operation could impact the performance of the devices. Herein, we 
investigate the mechanical cycling of structures with different types of structural defects, 
including the presence of a pre-existing crack, structures with a thinner leg, and a pre-
buckled leg. Studies of compressive cycling response of these microscale 3D polymer-
based Kirigami architectures revealed stiffening behavior for both defective and non-
defective structures. Structural densification, developed internal stress, and deformation 
of the elastomer substrate were the reasons for stiffening. Cyclic compression was 
performed to 50% and extreme condition of 100 % of the initial height using in-situ 
scanning electron microscopy. The structures were found to achieve stable hysteretic 
cycling with steady-state mechanical response after a number of cycles. The deformation 
behavior, the structure stability under cyclic loading, and the load-bearing capability were 
found to be dependent on the defect type, but they were not catastrophic. 
1Reprinted with permission from “The effect of defects on the cyclic behavior of polymeric 3D kirigami 
structures” by Bashandeh K, Humood M, Lee J, Han M, Cui Y, Shi Y, Huang Y, Rogers JA, 
Polycarpou AA, Extreme Mechanics Letters. 2020, 18:100650. Copyright 2020 Elsevier. 
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2.1 Introduction 
Three-dimensional (3D) architectures have emerged as a promising replacement 
of conventional two-dimensional (2D) structures, due to their application in nano/micro 
electromechanical systems (NEMS/MEMS) [12,20,21], biomedical devices [22,23], 
energy storage devices [24,25], stretchable and wearable electronics[26,27], robotics 
[21,28], and elsewhere [29–31]. With recent advances in fabrication techniques, such as 
strain-induced folding/bending and compressive buckling, inspired by the ancient art of 
origami/kirigami, various programmed configurations and scales of 3D structures, from 
sub-micron to macro-scales can be realized from 2D patterns [1,12]. In this work, the 
compressive forces created by releasing the prestrained elastomer transform the non-
bonded regions of 2D precursors into the desired 3D Kirigami shapes [2].  
The successful implementation of such 3D structures in practical applications 
requires a high level of efficiency and reliability. For example, the mechanical reliability 
of MEMS devices is a critical concern that must be considered from design to fabrication, 
and ultimately functionality [32,33]. The ideal situation for structures in applications such 
as 3D MEMS, sensors, or energy harvesting devices, is to sustain the external load and 
associated repeated deformation for extended periods of time. Factors such as geometry 
and thickness of the structure, the level and number of cyclic loading, and defect-induced 
degradation during fabrication process, could limit this lifetime and lead to unwanted 
malfunctioning of the devices.  
In an earlier study, we investigated the mechanical resilience of different 
geometries of 3D kirigami structures under single compressive loading, and found a strong 
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geometric dependent mechanical behavior in terms of flexibility and elastic recovery [18]. 
Energy dissipation and durability of these structures under repeated compressive cyclic 
loading were also examined [19]. The structures demonstrated elastic behavior with 
minimal hysteresis by compressing to 50% of their height. At the extreme condition of 
cycling to 100% compression, the structures achieved stable hysteresis after few cycles 
and 94% elastic recovery. 
Herein, we investigate the mechanical responses of 3D Kirigami-inspired 
structures with different types of defects. In any microfabrication process, the aim is 
always to increase the yield. However, sometimes defects are introduced in these 
structures at different steps of the process. Since buckling is a defect-dependent 
deformation, it is essential to investigate how these structures behave under compressive 
loading with the existence of such defects. 3D structures with defects were fabricated 
using a controlled compressive buckling approach and mechanically tested under cyclic 
compressive loading using in-situ scanning electron microscopy (SEM).  
2.2 Materials and Methods 
Fabrication of the 3D structures started with patterning of 2D precursors of epoxy 
(SU-8, 3 µm thickness) by spin coating and photolithography on a layer of silicon dioxide 
(SiO2, 800 nm thickness), which was previously formed on a silicon wafer by thermal 
oxidation. The exposed regions of the SiO2 layer were then removed by wet etching in 
diluted hydrofluoric acid (HF). Spin coating and photolithography were used again to form 
another layer of photoresist (AZ 5214, 4 µm thickness) on the non-bonded regions of the 
precursors. The remaining buried SiO2 layer under the precursors was eliminated by 
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another HF wet etching process, to facilitate the transfer printing of the precursors from 
the Si wafer to another silicone elastomer substrate (Dragon Skin, 600 µm thickness). A 
layer of titanium (5 nm thickness) and SiO2 (50 nm thickness) were deposited on the 
precursors by electron beam evaporation to enhance the adhesion of the bonding regions 
of the precursors with the elastomer substrate.  
The 2D patterns were then transfer printed from the Si wafer to a water-soluble 
polyvinyl alcohol (PVA) tape using a polydimethylsiloxane (PDMS) stamp. To form a 
strong bonding between the elastomer substrate and the precursors, the silicone elastomer 
and the precursors on the PVA tape were exposed to ultraviolet-induced ozone treatment, 
which formed a hydroxyl termination. The elastomer was then biaxially stretched to 75% 
prestrain with a mechanical stage. The PVA tape and the 2D precursors were then 
laminated on the stretched elastomer substrate and baked at 70 °C for 8 min to yield a 
strong bond between the substrate and the bonding regions of the precursors. Thereafter, 
the PVA tape and photoresist layer were removed using hot water and acetone, 
respectively. Releasing the prestrained elastomer substrate induced compressive forces 
which enabled the out-of-plane deformation of the non-bonded regions of the precursors, 
forming the desired 3D shapes. A schematic representation of the 2D patterns and their 
transformation to 3D structures upon releasing the elastomer is illustrated in Figure 3, for 
a table structure without defect and with a crack type defect. Each resulting nominal 
kirigami structure is made of 3 µm thickness SU-8, and a height of 60 µm. 
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Figure 3. (a) Schematic illustration of 2D design patterns and 3D Kirigami structures 
assembled by controlled buckling, and (b) corresponding SEM images of the fabricated 
structures (scale bar is 25 µm). 
The mechanical cyclic compression experiments were carried out on the structures 
with/without defects (shown in Table 1) using a commercial PI 88 SEM Picoindenter 
(Bruker) equipped with a diamond flat punch probe with a diameter of 100 µm. The 
samples were sputter-coated with 8 nm of Pt/Pd for better visualization inside the SEM. 
A displacement-controlled mode was used to compress the structures to 50% and 100% 
of their height. 
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Table 1. SEM of structures with/without defects tested at 50 and 100% compression. 
Structures without defect Structures with defect 
Table Rotated table 
Pre-existing 
crack 
Thinner leg Pre buckled leg 
* The dashed circle shows the site of defect in each structure.
2.3 Results and Discussion 
2.3.1 Stiffening of the structures at 100% compression 
Figure 4(a, b) shows the load-displacement curves obtained by cycling of the 
rotated table structure to 100%. The curves in Figure 4(b) were divided for each set for 
clarity. Three sets of cycling experiments were carried out. Each set consisted of 10 cycles 
resulting in a total number of 30 cycles. 4 min was selected as the wait time after the 
complete unloading of the structure at the end of each set to allow for viscous relaxation 
of the structure/substrate. Note that the structure was fully unloaded only at the last cycle 
of each test set. The first cycle of each set, particularly set 1, demonstrated the largest 
hysteresis loop with the highest energy dissipation. This could be due to plastic 
deformation and initiation of buckling of the leg at the first cycle. Less energy was 
dissipated in subsequent cycles, indicating stabilization of the structure.  
The load-bearing capacity increased with each set, as shown in Figure 4(b). The 
curves showed three regions for the loading associated with Hookean-type deformation 
with a linear slope, a reduction in the slope due to small buckling, and an increase in the 
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slope due to stiffening of the structure. Similar behavior was observed for single 
compression of Kirigami structures [18]. The reasons behind the stiffening can be 
attributed to different mechanisms involved during the compression of the structure. 
Referring to the recorded movie 1 in the supporting information, the densification of the 
structure with increase in compression forced the legs to ultimately touch the bonding pads 
and the substrate, wherein rapid increase in the force with small compression was initiated. 
According to [34], a slight curvature in a thin sheet can significantly increase the stiffness 
during bending, due to developed internal stresses. Here, the bonding pads behaved similar 
to a curved thin sheet subjected to bending at 100%. The role of substrate deformation 
became more dominant upon compression to 100%. The compression of the substrate 
indicated higher stiffness and load-bearing capability, compared to the structure [19].  
The recorded movie 1 shows that a combination of sliding, twisting, and slight 
bucking occurred with compression to 100%. The permanent buckling of the leg, and 
twisting of the structure can also be observed from the SEM images shown in Figure 4(c), 
which were taken before the experiment and after the 30th cycle. The buckling of the leg 
is shown with a dashed white circle in the SEM images. The superimposed image depicts 
a better visualization of the changes in the shape of the structure after the experiments. 
The dashed black line represents the initial structure before the experiment. From the 
superimposed image in Figure 4(c) three distinct deformation modes can be observed: (a) 
shifting to the right in the sliding direction, (b) slight reduction in the height due to 
buckling of the leg and plastic deformation, and (c) in-plane twisting of the structure.  
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Figure 4. Structure without defect: (a) Load-displacement curves for 30 cycles of 
loading-unloading, compressed to 100 %, (b) Separated cycling curves for each set, and 
(c) SEM images taken before and after 30 cycles, including superimposed initial and
deformed structure (scale bar is 25 µm). 
2.3.2 Structures with Defects 
2.3.2.1 Structure with Crack 
The successful implementation of such 3D structures to practical applications such 
as 3D MEMS sensors requires high reliability and stability of the structures operating 
under cyclic mechanical loading. Such loading conditions can induce fatigue in the 
structure, which can ultimately lead to cracking and failure. In Ref. [19], we investigated 
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the mechanical response of a rotated table structure subjected to 200 cycles under extreme 
compression of 100%. The formation and growth of a microcrack were observed after the 
100th cycle. Herein, the structure had a pre-existing crack in one of the legs to capture a 
crack-type defect that could occur during the fabrication process.  
Three sets of cyclic experiments with ten cycles at each set were conducted at 
100% compression on a table structure with a small crack on its front leg, depicted with a 
white dashed circle in Figure 5(c). Figure 5(a, b) show the load-displacement curves at 
each set. Initially, the structure demonstrated a Hookean response with linear elastic 
behavior followed by a large increase in the displacement with little increase in the load 
due to rapid buckling. Finally, a large increase in the load due to stiffening when the 
structure approached 100% compression. The first cycle showed the highest energy 
dissipation, while less energy was dissipated in the first cycle of the 2nd and 3rd sets. The 
structure achieved stable hysteresis and stabilized with increasing number of cycles. The 
structure became more robust and resistant to crack growth at subsequent sets.  
A combination of sliding and buckling occurred during the compression to 100% 
(see the recorded movie 2 for the first set). The buckling of the leg and permanent 
deformation of the structure is clearly discernible from the movie 2, as well as the SEM 
images shown in Figure 5(c, d). Figure 5(c) shows the SEM images of the structure taken 
before the experiment and after each set of cycling tests. The higher magnification images 
show the growth of the crack with cyclic compression at each set. The comparison of the 
images after sets 2 and 3 (the 20th and 30th cycle) indicate negligible growth in the crack, 
compared to the 10th cycle. The developed internal tensile stress on the leg resulted in the 
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crack growth. As seen in movie 2, the top portion of the leg is under tension with buckling 
of the leg inducing tensile stress at the crack site. The internal stresses decreased with 
number of cycles, which caused the crack growth to decelerate [35]. Figure 5(d) depicts 
the superimposed image before the experiment and after the 30th cycle. The structure 
permanently deformed and tilted in the sliding direction, and the right leg experienced 
two-fold bending. 
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Figure 5. (a) Table structure load-displacement curves for 30 cycles compressed to 100 
%, (b) Separated cycling curves for each set, (c) SEM images taken before cycling and 
after each set of cycles (scale bar is 25 µm for the low magnification images and 5 µm 
for the high magnification images), and (d) Superimposed SEM images before the 
experiment and after the 30th cycle (scale bar is 25 µm). 
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2.3.2.2 Structure with Thinner Leg 
Numerical analysis of structures with different thicknesses showed the dependence 
of the mechanical response on the thickness of the structure [19]. Structures with lower 
thickness demonstrated a more compliant behavior with lower load-bearing capacity and 
stiffness. Here, the thickness effect is incorporated as a defect in the structure. The 
structure was compressed for 40 cycles at 100%. The respective load-displacement curves 
are depicted in Figure 6(a, b). During the first cyclic loading, the structure followed a 
linear elastic behavior up to a threshold, where a sudden drop in the load occurred. 
Referring to the recorded movie 3, this sudden drop was accompanied by an instantaneous 
in-plane twisting and sliding of the structure as well as buckling of the right leg. The 
permanent twisting/buckling can also be observed in the SEM images depicted in Figure 
6(c). The right leg marked with a dashed white circle and the superimposed image before 
and after the experiments show the twisting/buckling in the legs. The sudden 
slip/twisting/buckling occurred due to the asymmetric supporting of the load by the legs. 
Subsequent cycling demonstrated a stable hysteresis with minimal degradation of the 
structure due to post-buckling/twisting stability. The load-bearing capability decreased 
after each set, particularly between 1st and 2nd sets.  
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Figure 6. (a) Table structure load-displacement curves for 40 cycles at 100 %, (b) 
Separated cycling curves for each set, and (c) SEM images taken before and after 40th 
cycles, including superimposed initial and deformed structure (scale bar is 25 µm). 
2.3.2.3 Structure with Pre-Buckled Leg 
Figure 7(a) shows the cycling of a table structure without defect, which was 
carried out in an earlier study for 30 cycles at 50% compression [19]. The structure 
demonstrated a linear elastic behavior with minimal energy dissipation and stable 
hysteresis with complete recovery between each set. The defect considered in this section 
was introduced to the structure as buckling on one of the legs during the compressive 
buckling process. Figure 7(b) shows the cycling behavior of the structure at 50% for five 
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sets; each set consisted of 10 cycles. The maximum force dropped in the first cycle and 
then stabilized in subsequent cycles within each set. The load-bearing capability decreased 
between each set, as revealed by the downward shifting of the curves. In contrast to the 
structure without defect, the structure with defect dissipated higher energy and did not 
stabilize by the end of the cycling tests. The load-bearing capacity decreased by 37%, 
compared to the structure without defect. According to the recorded movie 4, the 
deformation was accompanied by large sliding due to the asymmetric support of the load 
by the legs. The buckled leg is marked in Figure 7(c) with a white dashed circle. The 
structure experienced a slight change in its shape in the sliding direction, as can be seen 
from the superimposed image.  
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Figure 7. Table structure load-displacement curves for cycling at 50 % compression (a) 
no defect [19], (b) pre-buckled leg defect, and (c) SEM images taken before cycling and 
after 50 cycles, including superimposed initial and deformed structure (scale bar is 25 µm). 
2.3.3 Modeling using finite element analysis (FEA) 
3D FEA was conducted using the commercial software ABAQUS to simulate the 
structures with different types of defects. The goal was to investigate and compare the 
variations in configuration and stress/strain distributions upon compression to 100%. The 
structures and the elastomer substrate were simulated using four-node shell elements and 
eight-node 3D stress elements, respectively. The convergence of mesh size ensured 
computational accuracy. The SU8 Kirigami structures were assumed to be linear elastic 
with elastic modulus E and Poisson’s ratio ν of ESU8 = 4.02 GPa and νSU8 = 0.22, 
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respectively. Mooney Rivlin hyper-elastic model was used to model the elastomeric 
substrate with parameters C10 = 0.06757 MPa, C01 = 0.01689 MPa, and D1 = 0.48 MPa
-1. 
The length for the legs of the structures were measured to be 55 µm, except the structure 
with pre-buckled leg defect, which was 65 µm. All legs had a thickness of 3 µm, except 
the structure with thinner leg defect, which had a thickness of 2.1 µm on its thinner leg. 
The 2D patterns the structures with each defect is shown in Figure 8.  
Figure 8. The schematic illustration of 2D design patterns for Kirigami structures with 
different types of defect before compressive buckling 
Figure 9 shows the maximum principal strain and von Mises stress at 100% 
compression for the structure without defect and the structures with different types of 
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defects. For all structures except the structure with the pre-existing crack, the maximum 
strain and von Mises stress developed at the ribbon-membrane connections. The crack tip 
experienced the highest stress among the structures. The structure with thinner leg defect 
experienced the highest strain at the thinner leg with bending dominated deformation. The 
structure with pre-buckled leg showed similar strain behavior to non-defective structure, 
but higher stress at the top membrane-ribbon connection. All the structures exceeded the 
fracture threshold of SU8 (≈10%), leading to permanent plastic deformation in the legs.   
Figure 9. FEA results for single compression to 100% for the structures with and 
without defects. The dashed circle shows the site of defect in the structure. 
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2.4. Summary 
Extreme mechanical cycling of 3D kirigami-inspired architectures with defects 
was performed using in-situ SEM flat punch compression at 50 and 100%. Three different 
types of structural defects, which could result during batch fabrication, were considered 
during the compressive buckling process. Apart from the possibility of occurrence of 
defects in the assembly process, these defects might also occur in practical applications 
during operation under extreme conditions. Therefore, it would be beneficial to know how 
the existence of defects would impact the mechanical response and durability against 
compressive cycling. Reduction in load-bearing capacity, energy dissipation, and 
deformation of the structures were found to be a function of the defect type. The crack 
type defect created a large plastic deformation in the sliding direction. The thinner leg type 
defect caused a sudden snap during the first cycle with a slight permanent twisting 
remaining after the experiments. The structures maintained stable hysteresis and achieved 
post-buckling stability after a few cycles, which is advantageous. Compared to the 
structure without defect, the pre-buckled leg in the structure induced non-instability in the 
load-displacement response with higher energy dissipation and decreased load-bearing 
capacity by 37%. The degree of plastic deformation was found to be a function of defect 
type. The existence of crack in one of the legs caused the largest plastic deformation. FEA 
results showed the dependency of stress/strain distribution and deformation on the defect 
type. The internally developed stress and the deformation of the substrate were the 
mechanisms behind stiffening, once compressed to 100%. It is worth noting that despite 
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the defect type, all structures ultimately achieved stable hysteresis with steady-state 
mechanical behavior, which is advantageous in practical applications. 
2.5 Supplementary movie legends 
Movie 1: Mechanical cycling of rotated table structure to 100% compression 
Movie 2: Mechanical cycling of table structure with pre-existing crack to 100% 
compression 
Movie 3: Mechanical cycling of table structure with thinner leg to 100% compression 
Movie 4: Mechanical cycling of table structure with pre buckled leg to 50% compression 
3. MECHANICS AND DEFORMATION OF SHAPE MEMORY POLYMER
KIRIGAMI MICROSTRUCTURES2 
The assembly of three dimensional (3D) structures through compressive buckling 
of 2D precursors can serve as a promising and robust tool to realize different classes of 
advanced materials in a broad range of applications with complex geometries and a span 
of length scales from sub-micron to macro scales. In this Chapter, a shape memory 
polymer (SMP) material was used as the precursor to form different configurations of 3D 
kirigami microstructures. 3D SMP structures can serve in a wide range of applications, 
such as biomedical and aerospace, which require a level of robustness and compliance. To 
this end, the mechanical response of assembled 3D buckled Kirigami structures were 
investigated through mechanical cyclic and single loading compression at room and 
elevated temperatures, respectively. The experiments at room temperature were performed 
to examine the mechanical resilience and stability of the structures upon repeated loading. 
The load-bearing capacity, resiliency, and stability under deformation were shown to be 
largely affected by their structural shape. In-situ scanning electron microscopy 
experiments at elevated temperatures demonstrated the outstanding shape memory 
behavior by full recovery to their original shape, without any structural damage or fracture. 
2 Reprinted with  permission from “Mechanics and deformation of shape memory polymer kirigami 
microstructures” by Bashandeh K, Lee J, Wu Q, Li Y, Wang X, Shi Y, Guo X, Huang Y, Rogers JA, 
Polycarpou AA., Extreme Mechanics Letters. 2020, 10:100831. Copyright 2020 Elsevier. 
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Computational modeling supports the experimental findings and contributes to the 
understanding of deformation and fracture of the structures. 
3.1 Introduction 
Multiscale and three dimensional (3D) structures of biological materials with 
multifunctional properties have been utilized as a design route in many research studies to 
prepare bioinspired manmade materials and devices, with similar multifunctionality and 
integrity to biomaterials [36,37]. Such 3D structures with various shapes, configurations, 
and scales have been realized in applications, such as electronic systems [38–40], 
biomedical devices [41–43], energy storage [44,45], metamaterials [46,47], functional 
scaffolds for tissue engineering [48], and others [49,50]. Different fabrication techniques, 
including 3D printing [51], two-photon/multiphoton lithography [52,53], and strain-
induced bending/folding [54] have been developed to form various 3D structures. Each 
technique has its limitations and constraints, such as material compatibility and accessible 
feature sizes and geometries [50,55].  
Of these techniques, compressive buckling can serve as a strong tool in the 
assembly of 3D structures with different materials, geometries, and length scales. In this 
technique, the non-bonded regions of the 2D precursors on a prestrained elastomer 
substrate transform into a deterministically controlled 3D structure in a reversible manner 
through compressive forces induced upon the release of the prestrained elastomer [56]. 
Such structures are referred to as kirigami microstructures. Maintaining the 3D design 
shape upon the removal of prestrain requires the structure to stay on the assembly 
elastomer substrate. However, there are practical applications that require operating in a 
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condition that is not compatible with elastomer substrates, such as elevated temperatures, 
as in templates for materials growth, or applications which demand a freestanding 
structure in isolated forms, as in micro-robotics [48]. The freestanding 3D structure can 
be realized through shape fixation and memory effect using shape memory polymer (SMP) 
[48,57]. The implementation of 3D SMP-based structures provides the ability to recover 
from severe deformation and also enables programmable shape changes. 
Although different 3D SMP structures have been fabricated, their mechanical 
response to applied load, and their reversibility is unknown. Past experimental 
investigations were confined to qualitative methods and not direct mechanical 
measurements [57,58]. The deformation and mechanical cycling of various configurations 
of 3D polymer-based kirigami structures were investigated using in-situ compression 
inside a scanning electron microscope (SEM) [18,59]. Herein, we perform in-situ cyclic 
compression of 3D SMP structures using an indenter equipped with a flat punch probe. 
Load-displacement responses, including cyclic loading were measured in-situ at room 
temperature (RT, 23 °C). Also, in-situ compression experiments inside a SEM were 
performed to directly observe the shape recovery of the structures after the removal of the 
stress, at elevated temperature. The experiments were initiated with heating the structures 
above their glass transition temperature (Tg) by 15 ℃, followed by compressing the 
structures to 30% of their initial height. The structures fully recovered to their initial state 
upon reheating. 
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3.2 Materials and Methods 
3.2.1 Fabrication of the Structures 
Figure 10 illustrates a schematic representation of the fabrication process. 
Fabrication of the 3D SMP structures started with spin coating a thin layer of poly(4-
styrenesulfonic acid) as a water-soluble sacrificial layer on a silicon wafer. Spin casting 
formed the 2D precursors of the SMP, composed of epoxy monomer E44 and curing agent 
poly(propylene glycol) bis(2-aminopropyl ether) (Jeffamine D-230) mixed with a mass 
ratio of 44:23. The samples were cured in a furnace for 1 hour at 110 °C. A lithographically 
patterned thin metal layer composed of 10 nm chromium (Cr) and 50 nm gold (Au) served 
as a hard mask for oxygen plasma etching of the SMP. Transfer of the 2D precursors from 
the silicon wafer to a water-soluble polyvinyl alcohol tape (PVA, 3M Co.) required the 
removal of the previously formed underlying sacrificial layer on the silicon wafer, which 
was accomplished by immersion in water. To define the bonding locations, a thin layer of 
titanium (Ti, 5 nm thick) followed by a thin layer of silicon dioxide (SiO2, 50 nm thick) 
were deposited on selective locations of the precursors by using a flexible shadow mask 
(75 µm thick polyimide film). Before transfer printing the precursors to the stretched 
silicone elastomer substrate (Dragon Skin; Smooth-On, Easton, PA), the precursors on the 
PVA tape and the stretched substrate were exposed to ultraviolet ozone treatment to 
promote the bonding strength by inducing hydroxyl termination. Releasing the prestrained 
elastomer substrate after dissolving the PVA tape in water induced compressive forces on 
the 2D shape memory precursors, which enabled the out of plane deformation of the non-
bonded regions of the precursors and thus forming the desired 3D kirigami structures. 
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Figure 10. Schematic illustration of the procedure to fabricate the 3D SMP Kirigami 
structures. 
A schematic representation of the 2D design patterns used in this work, and their 
corresponding 3D Kirigami structures upon release are shown in Figure 11. 
Figure 11. Schematic illustration of 2D precursors and their corresponding 3D buckled 
structures assembled by compressive buckling. 
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Figure 12 shows optical microscopy images of the three fabricated structures 
bonded on the substrate. The height of the structures was measured from the side view of 
the optical images, and found to be 510 µm, 260 µm, and 505 µm for structures 1, 2, and 
3, respectively. All structures are supported with vertical legs but with different design, 
height, and number of legs. The structures were initially cyclically compressed to 20 and 
30% of their initial height using an instrumented nanoindenter (TI 980, Bruker) equipped 
with a flat punch probe. Subsequently, structures 2 and 3 were respectively compressed to 
20 and 10%, due to breakage and fracture of the structures at higher compression values 
at RT. Three loading rates of 5, 10, and 25 µms-1 were selected to study the load rate 
sensitivity. The experiments at elevated temperature were performed using in-situ SEM 
compression with a PI 88 SEM PicoIndenter (Bruker), equipped with a flat punch probe 
(100 х 100 µm2 square). All structures were compressed to 30% for one loading-unloading 
cycle.  
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Figure 12. Optical images of three different 3D kirigami microstructures on elastomer 
substrate. The scale bars are 500 µm. 
3.2.2 Modeling Using Finite Element Analysis (FEA) 
Modeling was carried out through 3D FEA using the commercial software 
ABAQUS. The goal was to capture the 2D to 3D transformation through mechanically 
guided assembly and compare the stress/strain distribution upon compression at room and 
elevated temperatures. The silicone elastomer substrate (2 mm in thickness) and the 
precursors (10 µm in thickness) were modeled using eight-node 3D solid elements and 
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four-node shell elements, respectively. Refined meshes were used to ensure computational 
accuracy. The elastic modulus and Poisson’s ratio values of the elastomer substrate were 
taken to be E = 166 kPa and  = 0.49. To simulate the experiments, the prestrain was 
modeled to be 70% for structure 1, and 50% for structures 2 and 3. The shape memory 
material can be identified as a thermo-rheologically simple polymer whose thermo-
viscoelastic behaviors can be described by a multi-branch rheological model [60]. In this 
model one equilibrium branch and several thermoviscoelastic nonequilibrium branches 
are arranged in parallel. Maxwell elements are used in the nonequilibrium branches to 
represent the stress relaxation behavior of the material [26]. The parameters for 
equilibrium and nonequilibrium branches are provided in Table 2. 
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Table 2. Utilized parameters for modeling of thermo-viscoelastic and shape memory 
behavior of the structures using a multibranch viscoelastic model. 
Branch Enon(Pa) τR(s) Branch Enon(Pa) τR(s) 
1 3.725E08 3.000E-11 15 3.550E08 1.392E01 
2 3.000E08 6.410E-10 16 2.800E08 2.655E02 
3 3.300E08 8.210E-09 17 3.525E08 8.548E00 
4 3.675E08 8.840E-08 18 2.047E08 7.588E01 
5 4.150E08 8.210E-07 19 1.317E08 2.187E02 
6 4.725E08 6.780E-06 20 3.120E07 1.961E03 
7 5.200E08 4.840E-05 21 7.008E07 6.390E02 
8 6.275E08 3.000E-04 22 4.281E06 8.055E03 
9 4.450E08 1.500E-03 23 1.208E07 3.000E03 
10 3.600E08 4.870E-03 24 2.994E06 1.280E05 
11 3.775E08 1.418E-01 25 3.258E06 3.000E04 
12 4.075E08 4.536E-01 26 4.567E02 5.420E05 
13 4.050E08 1.500E00 27 6.342E06 3.000E06 
14 3.775E08 4.729E00 
Eseq(Pa) Eelas(Pa) AFc/k Tref(°C) C1 C2 
1.000E07 1.000E06 -2.000E04 45.000 17.400 60.350 
3.3 Results and Discussion 
3.3.1 Mechanical Cycling (15 Cycles) at RT 
Figure 13(a, b) shows the load-displacement curves for cycling of structure 1 at 
20 and 30% compression. The structure was consecutively compressed 15 times, and each 
5 cycles is termed a set. The curves show two linear regions corresponding to compression 
of the top rings with linear elastic deformation, followed by a slight buckling in the legs 
of the structure. The first cycle showed different behavior with a higher hysteresis loop, 
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due to plastic deformation of the structure [59]. The slight plastic deformation is revealed 
by residual deformation upon removal of the load. The structure maintained minimal and 
stable hysteresis by increasing the number of cycles. The hysteresis, recovery, and energy 
dissipation remained the same between each test set. Compressing to 30% of the 
structure’s height showed similar cyclic behavior but with higher load-bearing capacity 
and lower stiffness. According to Table 3, compressing the structure to 30% reduced the 
stiffness by 12%, compared to 20% compression. The increase of loading rate to 25 µms-
1 slightly increased the stiffness by 4% at 20% compression. The structure achieved less 
hysteresis and stability with increase of the loading rate to 25 µms-1.  
Table 3. Calculated averaged stiffness values for structures at different compressions 



























7.92 7.89 7.93 
Structure 2 
(20%) 
234.06 239.21 234.51 
Structure 3 
(10%) 
63.66 64.66 66.19 
36 
Figure 13. Load-displacement curves for cycling of structure 1 at (a) 20% compression, 
(b) 30% compression at different loading rates of 5, 10, and 25 µms-1. Set 1 = cycles 1 - 
5, Set 2 = cycles 6 - 10, Set 3= cycles 11 - 15. 
Structure 2 was compressed at the same conditions as structure 1. The load-
displacement curves are depicted in Figure 14(a, b) showing linear elastic deformation at 
all cycles. Similar to structure 1, the first cycle showed the highest hysteresis, and then 
exhibited minimal and stable hysteresis. The load-bearing capacity increased significantly 
compared to structure 1. The stiffness remained nearly unchanged at different loading 
rates (see Table 3). However, the stability reduced by increasing the loading rate to 10 
and 25 µms-1. While the structure could support the load up to 20% compression, cycling 
to 30% revealed a different behavior; namely, the structure could not support the load and 
broke at 70 µm displacement, which is captured by a sudden drop in the load-displacement 
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curve. The optical microscopy of the broken sample is shown in Figure 15(a), indicating 
the breakage of two legs from the top membrane.  
Figure 14. Load-displacement curves for cycling of structure 2 at (a) 20% compression 
at different loading rates of 5, 10, and 25 µms-1, (b) 30% compression at 5 µms-1, with 
only one cycle shown since the structure broke, as shown in Figure 6(a). 
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Figure 15. Optical microscopy image (from the top) of (a) structure 2 and (b) structure 3 
after 30% compression. The two broken legs are pointed with arrows. The scale bar is 
500 µm. 
Figure 16(a, b) shows the cycling of structure 3 at 10 and 20% compression. Note 
that since the structure could not support the load at 20%, compression was reduced to 
10% of the height. The deformation was dominated by linear elastic behavior at 10% 
compression. Unlike the other structures, the first cycle did not show significant difference 
in the hysteresis loss, compared to the subsequent cycles, especially at the lower loading 
rate. The structure fully recovered to the initial state upon the removal of the load (at 10% 
compression). The experiments at higher loading rates revealed dependency of hysteresis 
and stability of the structure to the frequency of cycling tests. The hysteresis remained 
stable and without change between each set at the lowest loading rate. However, 
increasing the loading rate to 10 µms-1 imposed a slight shift to the load-displacement 
curve but with similar hysteresis. At the maximum loading rate, due to unstable behavior, 
the experiments stopped after set 2. From Table 3, the increase of loading rate to 25 µms-
1 slightly increased the stiffness by 4%. The structure could not support the load when 
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compressed to 20% and broke at 90 µm displacement. Figure 15(b) shows an image of 
the structure after the experiment, indicating folding and breakage of the legs. The third 
structure showed the least hysteresis and medium load bearing capacity among the three 
structures. 
Figure 16. Load-displacement curves for cycling of structure 3 at (a) 10% compression 
at different loading rates of 5, 10, and 25 µms-1, (b) 20% compression at 5 µms-1, with 
only one cycle shown since the structure broke, as shown in Figure 6(b). 
3.3.2 Shape Memory Property Characterization at Elevated Temperature 
The capability of SMPs to recover from a fixed deformed shape to their original 
shape was investigated through in-situ SEM mechanical compression. Exposing the 
structures to external stimuli such as heat, light, and pH triggers the shape memorization 
in the material [61]. A second similar exposure after deformation recovers the structure to 
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the original shape. In this work, heating was used as the external stimulus. The 
experimental process followed three steps: I) heating the structures above the glass 
transition temperature (where Tg = 57 ℃), which triggered high mobility and flexibility in 
the chains. Upon transition, the structures become soft and the storage modulus changes 
from 3 GPa to 10 MPa [57]. II) Followed heating, the structure was compressed by 30% 
using a flat punch probe and cooled down to RT, while it was under the applied load. 
During cooling the chains locked in place and the structures stayed in the deformed shape. 
III) Upon removal of the load, the structure was heated again with the same initial heating
rate, in which case the structure recovered to its original shape. 
Figure 17 shows a direct comparison of the experimental results and FEA 
simulations, and the latter gives the strain distribution. The SEM images were taken from 
all three structures at different steps of the experimental process: 1) image after heating 
the structures above Tg to 72 ℃, 2) image of the structures under 30% compression after 
cooling down to RT and removal of the flat punch probe from the structures, and 3) image 
after reheating to 72 ℃ showing the recovered structures. The images at step 2 show the 
deformed structures indicating different deformation mechanisms.  
Supplementary movies 5-7 show the in-situ deformation mechanisms upon 
compression and the recovery after releasing of the load for the three structures. Note that 
the movies are sped up at different rates during the cycle of heating-cooling-heating. 
Examining movie 5 (structure 1), the majority of the deformation occurred in the inner 
rings of the structure with slight buckling on the legs. The recovery followed the same 
behavior starting from the inner rings and the legs. For structure 2, the majority of the load 
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was supported by the legs causing more resistance to compression, which was also 
observed by the high load-bearing capacity of the structure in the RT experiments. As seen 
in movie 5 (structure 2), the support of the load by the legs caused deflection on the top 
membrane leaving a concave shape after cooling. Such mechanism is responsible for 
failure of the sample during the RT experiments. Furthermore, the FEA results show the 
strain concentration at the top membrane, in agreement with the experiments. From Figure 
15(a), the failure at RT was initiated at the top membrane, where the maximum pressure 
and deflection took place. Similar to structure 1, the recovery started from the membrane 
and the legs.  
A combination of sliding and bending deformation occurred for structure 3 and 
became larger at higher compression. From movie 7 (structure 3), the legs on the site of 
the sliding direction experienced twofold bending, while the rest of the legs deformed 
under onefold bending. As seen in Figure 15(b), the failure of the structure at the leg sites 
during the RT experiments is due to the asymmetrical support of the load, with more 
severe deformation of the legs in the sliding direction. In addition, the corresponding FEA 
results indicate similar location where the maximum strain concentration occurred. 
Recovery followed the same path as loading, starting from recovery of the legs in the 
sliding direction. Despite the RT experiments, where some of the structures failed, the 
activation of shape memory effect resulted in full recovery of all three structures. From 
the superimposed images in Figure 18, all the structures demonstrated 100% recovery 
without any structural damages and fracture, indicating their outstanding shape memory 
behavior. 
42 
Figure 17. SEM images and corresponding FEA (% maximum principal strains) for 
structures 1, 2, and 3 at different steps of the compression process. 
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Figure 18. Superimposed SEM images for structures 1, 2, and 3 before compression and 
after recovery (the dashed lines show the structure after recovery). 
FEA simulations were carried out to compare the stress/strain distributions at room 
and elevated temperatures. Figure 19 and Figure 20 show the contours of von Mises stress 
and maximum principal strain, respectively, upon compression to 30%. The compressions 
at RT have almost the same strain values compared to high temperature, as the structures 
compressed under similar compression. The von Mises stress increased significantly upon 
compression at RT as the modulus is higher at RT, compared to elevated temperature. 
Structure 2 experienced the highest stress among the three structures, and which located 
at the top membrane and membrane-ribbon connections. Note that this is the same location 
where fracture of the structure occurred at RT experiments (see Figure 15(a)). Structures 
1 and 3 showed nearly similar maximum stress values, but with different distribution. The 
maximum stress was located at the membrane-ribbon connections of structure 3, where 
bending deformation took place and fracture occurred (Figure 15(b)).  
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Figure 19. FEA results showing von Mises stress distributions (MPa) for compression of 
the structures at RT and high temperature of 72 °C (note that the scales are different for 
the stress contours). 
Figure 20. FEA results showing maximum principal strain distribution (%) for 
compression of structures 1, 2, and 3 at RT and temperature of 72 °C. 
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Flexible, robust, and shape-programmable 3D SMP kirigami-inspired structures 
reported here are promising for different applications, including biomedical devices for 
tissue repair and vascular stents [62], as well as adaptive and deployable structures in 
aerospace engineering [63]. In addition, the mechanics-deterministic nature of the 3D 
buckling technique allows freedom to design and fabricate 3D structures of well-
controlled geometries in advanced materials, including combination of SMPs with 
functional electronics. Although epoxy SMPs are used in this work, the fabrication and 
characterization techniques developed herein are applicable to SMPs with a wide range of 
glass transition temperatures (20 - 300 ℃) for various applications. 
3.4 Summary 
3D kirigami microstructures were fabricated with different geometrical 
configurations from epoxy shape memory polymer, using compressive buckling. The 
mechanical response of the structures was measured at room and elevated temperatures, 
under cyclic and single compressive loading, respectively. The goal was to evaluate the 
resilience and stability of the structures upon compression from 20% to 30% of their initial 
height, and examine and compare their behavior with experiments at elevated temperature 
with shape memory effect. 
The experiments at RT revealed strong dependency of mechanical performance 
upon deformation (e.g., resilience, load bearing capacity, stiffness, and energy dissipation) 
to the initial configuration of the structures. The simplest quad-leg structure 1 showed the 
lowest load bearing capacity and stiffness, but the highest resilience compared to the other 
more complex structures. The most complex octa-leg 16 bonding sites structure 2, showed 
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the highest load bearing capacity and stiffness but lower stability and higher hysteresis, 
compared to structure 1. Hexa-double leg structure 3 showed the lowest hysteresis and 
medium load bearing capacity and stiffness, but the least resilience upon compression, as 
the sample fractured beyond 10% compression. The in-situ SEM compression 
experiments at elevated temperature (above glass transition) demonstrated the shape 
memory effect in the structures. All structures fully recovered to their initial state after 
experiments at 30% compression. Unlike the experiments at RT, no structural fracture was 
observed after the experiments. Modeling using FEA indicated that the fracture of 
structures 2 and 3 at RT experiments could be attributed to their structural design, von 
Mises stress, and their distribution. Shape memory is an effective way to enhance the 
performance of these flexible kirigami microstructures upon loading. 
3.5 Supplementary movie legends 
Movie 5: Deformation and recovery of structure 1 
Movie 6: Deformation and recovery of structure 2 
Movie 7: Deformation and recovery of structure 3 
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4. MECHANICAL CYCLING OF ENCAPSULATED 3D KIRIGAMI STRUCTURES
3D Kirigami-inspired microsensors were fabricated using compressive bucking 
method. The structure was integrated with piezoresistive elements and encapsulated with 
polymers with different stiffness. The mechanical response of assembled 3D buckled 
structures were investigated through mechanical cyclic at 10 and 20% compression. The 
goal was to evaluate the stability and durability of the device against multiple cycles of 
loading, frequency of applied external stimuli, viscoelastic effect, and load-bearing 
capability of the encapsulant materials. To this end, mechanical cycling from 30 to 100 
cycles was performed with loading rates varying from 5 to 15 µm/s. Additional faster 
experiments were performed with a frequency of 1 Hz to simulate the frequency of human 
walking for simulating the conditions in the intended application. 
4.1 Introduction 
The advantages of 3D nature biological systems and structures have motivated 
researchers to mimic their capabilities in humanmade devices in applications such as 
biomedical prosthetics [64], electronic skin [65,66], and health monitoring [67,68]. An 
example of such 3D structure in the human body is the sensory receptors, which are 
responsible for the detection of external stimuli. The incorporation of such 3D designs to 
piezoelectric devices such as sensors and actuators provided valuable advances in the 
device capabilities, which would be difficult to achieve with 2D systems [69]. An example 
is the improved frequency tunability and bandwidth of 3D MEMS compared to 2D 
structures [70].  
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Different techniques have been developed for the fabrication of 3D structures such 
as 3D printing [71], two-photon/multiphoton lithography [72], and thin-film folding and 
wrinkling [73]. Among these fabrication methods, compressive buckling is proved to be 
of particular interest due to its unique advantages such as the accessible feature size, scale, 
and material [1]. The compressive buckling technique relies on the 2D to 3D geometrical 
transformation of the precursors, which are selectively bonded to a prestretched elastomer 
substrate. Releasing the prestrain in the substrate induced compressive force that pops up 
the 2D precursor into a programmable 3D shape.  
In this Chapter, the mechanical performance of 3D tactile sensors is investigated 
using an experimental approach by flat punch compression. The 3D sensors were 
fabricated using compressive bucking method, and the Table-like shape was selected for 
the structural design of the sensor. Piezoelectric monocrystalline silicon nanomembranes 
(Si-NMs) were integrated into the body of the structures at selective locations and the 
whole layout was encapsulated with a thin layer of polymers with different stiffnesses to 
complete the fabrication process. The stiffness is an important aspect in the design of 3D 
devices intended for mechanical sensing and harvesting. For example, ultralow stiffness 
is of interest for systems with low-frequency response and in soft biology [45].  
The durability of the device against many cycles of loading, the frequency of 
applied external stimuli, the viscoelastic effect and the load-bearing capability of 
encapsulant materials, and the overall mechanical response of device upon loading and 
unloading are important parameters that need to be studied before implementing the device 
into a real application. Hence, this Chapter is dedicated to studying the mechanical 
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response of fabricated 3D sensors using an indenter equipped with a flat punch probe. 
Polymers with different stiffness were used for the encapsulation to study the load-bearing 
and stiffness effect. The structures were mechanically tested under cyclic compressive 
loading up to 10 and 20% compression. The selected structures were then tested for 
multiple cycles of loading and at different loading rates for further investigation of 
durability and viscoelastic effects. 
4.2 Materials and methods 
Device fabrication started with transfer printing of the Si-NMs from silicon on an 
insulator wafer (SOI) onto another substrate composed of a layer of PI on a layer of 
PMMA, both resting on a glass slide. The p-doped (boron) Si-NM piezoresistive elements 
were formed on the SOI using impurity diffusion. The Si-NM piezoresistors were 
positioned on the leg-membrane connections of the Table structure. These positions were 
found to be the optimum locations for sensing of different external mechanical stimuli. 
The patterning of 2D precursors started with photolithography followed by reactive ion 
etching to form the silicon elements, and then electron beam evaporation (Cr/Au) to form 
the metal interconnects for the elements. The formation of 2D precursors were then 
completed by coating a thin passivation layer of PI. The underlayer PMMA was then 
dissolved in acetone to enable the transfer of 2D precursors onto a prestretched silicone 
elastomer substrate using a PDMS stamp.  
The geometrical transformation from 2D to 3D configuration was accomplished 
by the release of the prestrain in the substrate. Finally, the fabrication was completed by 
encapsulating the entire structure with a thin coating of different polymers, namely 
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polydimethylsiloxane (PDMS), Ecoflex, and Dragon Skin. The selection of these 
polymers was based on the difference in their modulus. The Ecoflex and Dragon Skin 
have a modulus of 68.9 kPa and 151.68 kPa, respectively. PDMS has a modulus of about 
1 MPa. Therefore, PDMS had the highest modulus among the polymers. The structures 
are composed of PI (with modulus of 2.5 GPa) and Gold (with modulus of 76 GPa). Gold 
has a thickness of 100 nm and is sandwiched between the top PI (with thickness of 2 μm) 
and bottom polyimide (with thickness of 3 μm). Optical images of plain and encapsulated 
structures are shown in Figure 21. The plain refers to the structure without encapsulation. 
Note that the encapsulation will not only physically protect the 3D device but also helps 
to maintain the deformability. The design of the 3D geometry and the type of material 
utilized for the encapsulation could be optimized for achieving the desired sensitivity [45]. 
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Figure 21. Optical microscopy images of structures (a) without encapsulation, or plain 
structure, and structures encapsulated with (b) Dragon Skin, (c) Ecoflex, and (d) PDMS 
(the scale bar is 200 µm). 
The structures were initially cyclically compressed to 10 and 20% of their initial 
height using an instrumented nanoindenter (TI 980, Bruker) equipped with a flat punch 
probe with a diameter of 100 μm. Displacement-controlled mode was used to compress 
the structures. Subsequently, selected structures (Ecoflex and PDMS) were compressed to 
20% for a large number of cycles and higher loading rates as well to study the durability, 
hysteresis, and viscoelastic effects when the structures are imposed to a large number of 
cycles. Note that the experiments in this Chapter could not be performed inside the SEM 
due to degradation of the encapsulant material. In addition, the encapsulation hindered the 
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visibility of the structure under it and we were not able to locate the structure to perform 
the compression.  
4.3 Results and discussion 
Figure 22(a, b) shows the load-displacement curves for cycling of the Plain 
structure at 10 and 20% compression. Five sets of cycling experiments were carried out 
for 10% compression each set consisting of 20 cycles resulting in a total number of 100 
cycles. For compression at 20%, three sets of cycling experiments were carried out, each 
set being 10 cycles resulting in a total number of 30 cycles. All experiments were 
performed with a constant loading rate of 5µm/s. After the complete unloading of the 
structure at the end of each set, the next cycle was performed after 4 minutes to allow for 
the viscous relaxation of the structure and substrate. The punch was fully removed from 
the structure at the last cycle of each set.  
From Figure 22(a), cycling of the structure at 10% was fully elastic with minimal 
hysteresis. The hysteresis was similar between each set and remained constant for the 
whole set of cycling tests. Unlike the compression at 10%, cycling at 20% showed 
different behavior. As shown in Figure 22(b), the load-displacement curves show two 
regions for the loading associated with Hookean-type deformation with a linear slope and 
a reduction in the slope due to small buckling of the legs. Similar behavior was observed 
during the unloading. Figure 22(d) shows the changes in the height of the structure 
measured across the red dashed line shown in Figure 22(c). From the figure, the height of 
the structure remained unchanged, which shows the full recovery of the structure after 
cycling to 10 and 20% compression. 
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Figure 22. Load–displacement curves for cycling of Plain structure at (a) 10% 
compression, and (b) 20% compression. (c) the optical images of the structure showing 
the height of 250µm, and (d) change in the height of the structure before and after 
cycling. 
Figure 23(a, b) shows the load-displacement curves for cycling of structure 
encapsulated with Dragon Skin at 10 and 20% compression, respectively. The number of 
cycles and the experimental methods were the same as Plain structure (i.e., 100 cycles at 
10% for five sets and 30 cycles at 20% for three sets). Encapsulating the structure with 
Ecofelx reduced the hysteresis compared with the plain structure, and retained the 
Hookean behavior even at 20% compression. Compressing the structure to 20% increased 
the load-bearing capacity by 69%. Compared to plain structure, the load-bearing increased 
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by 27% once compressed to 10%. The structure maintained minimal and stable hysteresis 
by increasing the number of cycles. The hysteresis, recovery, and energy dissipation 
remained the same between each test set for both 10 and 20% compression. 
Figure 23. Load–displacement curves for cycling of structure encapsulated with Dragon 
Skin at (a) 10% compression, and (b) 20% compression, and (c) the optical images of the 
structure at different positions. 
Figure 24(a, b) shows the load-displacement curves for cycling of structure 
encapsulated with Ecoflex at 10 and 20% compression, respectively. The structure 
behaved elastically with minimal hysteresis at both 10 and 20% compression for all sets 
of cycling. Encapsulating the structure with Ecofelx reduced the load-bearing by 58% 
compared with the Plain structure. Therefore, the entire device softened after 
encapsulation.  
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Figure 24. Load–displacement curves for cycling of structure encapsulated with Ecoflex 
at (a) 10% compression, and (b) 20% compression, and (c) the optical images of the 
structure at different positions. 
Figure 25(a, b) shows the load-displacement curves for cycling of the structure 
encapsulated with PDMS at 10 and 20% compression, respectively. The structure showed 
a perfectly elastic behavior and minimum hysteresis among all the structures at both 10 
and 20% compression. Encapsulating the structure with PDMS markedly increased the 
load-bearing by 212% compared with the Plain structure. Therefore, the entire device 
stiffened after encapsulation.  
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Figure 25. Load–displacement curves for cycling of structure encapsulated with PDMS 
at (a) 10% compression, and (b) 20% compression, and (c) the optical images of the 
structure at different positions. 
Figure 26(a-c) shows the response (i.e., stiffness and load-bearing capacity) of all 
structures to the mechanical loading for 10 and 20% compression. The stiffness results 
(Figure 26(a, b)) show negligible variation of stiffness within each set of cycling at both 
10 and 20% compression, showing the minimum effect of viscoelasticity of the 
encapsulant and good durability of the entire structures. The structure encapsulated with 
PDMS demonstrated the maximum stiffness while Ecoflex reduced the stiffness even with 
a lower value than plain structure.  
Figure 26(c) depicts the comparison of the load-bearing capacity of the structures 
with and without encapsulation. For each structure, increasing the compression to 20% 
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resulted in an increase in the maximum load-bearing capacity. The maximum increase 
occurred for the structure encapsulated with PDMS. Similar to stiffness results, the load-
bearing capacity increased for PDMS and Dragon Skin compared to Plain structure, while 
Ecoflex reduced the value at both 10 and 20% compression. Depending on the ultimate 
desired sensitivity for the intended application, one could select either of the encapsulant 
materials for achieving the desired stiffness, load-bearing, and deformation behavior. 
Herein, for further analysis, we selected the PDMS and Ecoflex, which respectively 
changed the stiffness and load bearing to maximum and minimum values compared to the 
Plain structure.  
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Figure 26. (a, b) Variation of the device stiffness with number of cycles for 10% and 
20% compression, respectively, and (c) variations of device load-bearing capacity for 
different encapsulation materials. 
The implementation of these 3D structures into applications such as pressure 
sensors requires a high level of durability and minimal hysteresis (energy dissipation) 
against cyclic loading/deformation. Therefore, mechanical deformation needs to be 
investigated against many cycles of loading/unloading. To this end, Table structures 
encapsulated with Ecoflex and PDMS were selected for mechanical cycling tests at 20% 
compression. Each sample was compressed for 500 and 1000 cycles. Experiments with 
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500 cycles performed with a loading rate of 15 µm/s, while 1000 cycles were performed 
at a higher frequency of f = 1 Hz, which is similar to human walking frequency.  
Figure 27(a, b) shows the load-displacement curves for cycling of structure 
encapsulated with Ecoflex and PDMS, respectively. Increasing the number of cycles to 
500 and 1000 did not alter the hysteresis behavior compared to low cycling tests, and the 
structures maintained their durable behavior with minimal energy dissipation for both 
Ecoflex and PDMS encapsulant. Moreover, the structures’ hysteresis was found to be 
insensitive to the loading rate up to f=1Hz. Figure 27(c, d) shows the mechanical 
properties such as load-bearing capacity and stiffness, respectively that were extracted 
from the load-displacement curves. From Figure 27(c), the variation of maximum load-
bearing with the number of cycles and loading rate was found to be negligible for Ecoflex, 
while for PDMS, the load-bearing slightly decreased with increase of the number of cycles 
and loading rate by 6 and 10%, respectively. The stiffness followed similar behavior (see 
Figure 27(d)) ad the load-bearing. The stiffness of Ecoflex remain nearly unchanged, 
whereas the stiffness of PDMS reduced with increase of the number of cycles and loading 
rate by 10 and 11%, respectively. In summary, the effect of viscoelastic behavior is more 
pronounced for PDMS compared to Ecoflex.  
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Figure 27. Load-displacement curves for cycling of structures encapsulated with (a) 
Ecoflex, and (b) PDMS. The calculated mechanical properties were obtained from the 
load-displacement curves: (c) maximum load-bearing and (d) stiffness at 20% 
compression. 
4.4 Summary 
3D kirigami microstructures were fabricated with Table-like geometrical 
configurations from PI polymer using compressive buckling method. The device was 
encapsulated with polymers with different stiffnesses, and their mechanical response was 
measured at 10 and 20% compression under cyclic loading. The experiments were 
performed with a nanoindenter equipped with a flat punch probe. The goal was to evaluate 
61 
the stability and durability of the device against many cycles of loading, the frequency of 
applied external stimuli, the viscoelastic effect and the load-bearing capability of 
encapsulant materials. The plain structures showed softening behavior above 10 % 
compression. Encapsulating the structures minimized the hysteresis. All the encapsulated 
structures showed a linear elastic behavior at 10 and 20 % compression. The experimental 
findings indicated the strong effect of encapsulant material on the ultimate mechanical 
behavior of 3D device. The Ecoflex was found to decrease the load-bearing and stiffness 
of the device compared to plain structure, while Dragon Skin and particularly PDMS 
increased the load-bearing and stiffness. Similar to low cycling tests, all the encapsulated 
structures maintained their durable behavior with minimal energy dissipation upon cycling 
test to 1000 cycles. The effect of viscoelastic behavior was found to be more pronounced 
for PDMS compared to Ecoflex encapsulant.  
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5. CONCLUSION AND RECOMMENDATIONS FOR FUTURE WORK
5.1 Conclusions 
This thesis was dedicated to the study of fabrication and deformation of three-
dimensional (3D) Kirigami-inspired polymer-based micro-structures made using 
mechanically-guided 3D micro-assembly. The mechanical response of assembled 3D 
buckled kirigami structures were investigated through mechanical cyclic and single 
loading compression and based on the findings, the following conclusions could be drawn: 
1) In Chapter 2, the mechanical cycling of 3D structures with different types of
structural defects under compressive loading up to 50 and 100% were
performed for 3D structures made of SU8. Reduction in load-bearing capacity,
energy dissipation, degree of plastic deformation, and overall deformation of
the structures were found to be a function of the defect type. Despite the defect
type, all structures ultimately achieved stable hysteresis with steady-state
mechanical behavior at compression of 50% and extreme condition of 100 %,
which is advantageous in practical applications as in flexible and stretchable
electronics.
2) In chapter 3, the 3D structures consisted of a layer of E44 shape memory
epoxy, which were patterned using microfabrication. The mechanics of these
kirigami structures were studied using experimental instrumentation and
computational modeling through mechanical cyclic and single loading
compression at room and elevated temperatures, respectively. Our findings
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reveal that the load-bearing capacity, resilience, and stability under 
deformation were largely affected by structures’ geometry. The SM behavior 
of the structures was observed inside a scanning electron microscopy, 
indicating outstanding shape memory behavior by full recovery to their 
original shape. 
3) In Chapter 4, 3D Kirigami microstructures were fabricated with Table-like
geometrical configurations from PI polymer integrated with piezoresistive
elements. The device was encapsulated with polymers with different
stiffnesses, and their mechanical response was measured at 10 and 20%
compression under cyclic loading. All the encapsulated structures showed a
linear elastic behavior, while Plain structure softened after 10% compression.
The Ecoflex and PDMS were found to respectively decrease and increase the
load-bearing and stiffness of the device compared to Plain structure.
5.2 Recommendations for Future Work 
As seen in Chapter 2, the mechanical response of the structures was found to be 
dependent on the defect type. The FEA showed the stress/strain distribution for each 
defective structure upon single loading compression. Future studies need to be carried out 
for modeling of cyclic compression for more precise comparison with the experiments.  
In Chapter 3, the shape memory effect was qualitatively captured inside the SEM. 
However, due to the high transition temperature and sample dimensions, we were not able 
to get the thermo-mechanical force-displacement diagram. Future studies could be 
focused on developing the recipe for body temperature SMPs to fabricate 3D structures in 
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micron scales. Further studies could be carried out to investigate the time-dependent 
properties such as strain rate sensitivity, and stress relaxation and creep testing. Moreover, 
there has not been a lot of work with shear/sliding of these structures, which is a potential 
area for further studies.  
In Chapter 4, the 3D structures were integrated with piezoresistive elements and 
encapsulated with polymers with different stiffness to fabricate 3D tactile pressure sensor. 
Due to degradation of encapsulant polymers inside the SEM and invisibility of the 
structures, we were not able to see the deformation of the structure. Further studies could 
be focused on resolving this issue. For example, one could attach the encapsulant material 
to the flat punch and compress the Plain structure inside the SEM.  
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